We used metabolic engineering to produce wine yeasts with enhanced resistance to glucose deprivation conditions. Glycogen metabolism was genetically modified to overproduce glycogen by increasing the glycogen synthase activity and eliminating glycogen phosphorylase activity. All of the modified strains had a higher glycogen content at the stationary phase, but accumulation was still regulated during growth. Strains lacking GPH1, which encodes glycogen phosphorylase, are unable to mobilize glycogen. Enhanced viability under glucose deprivation conditions occurs when glycogen accumulates in the strain that overexpresses GSY2, which encodes glycogen synthase and maintains normal glycogen phosphorylase activity. This enhanced viability is observed under laboratory growth conditions and under vinification conditions in synthetic and natural musts. Wines obtained from this modified strain and from the parental wild-type strain don't differ significantly in the analyzed enological parameters. The engineered strain might better resist some stages of nutrient depletion during industrial use.
The yeast Saccharomyces cerevisiae is an important microorganism in many industrial processes, including beer, bread, and wine making. In all of these processes, stresses applied to the yeast may affect fermentation efficiency (1) . During wine making, yeast cells are subject to a hyperosmotic stress caused by sugar in must. As the fermentation progresses, the ethanol concentration may rise to levels that are toxic for yeast cells, and nitrogen starvation may also occur. Supraoptimal temperatures and deprivation of nutrients other than nitrogen are also possible in uncontrolled fermentations. During production of dry yeasts commonly used in the wine industry, cells are grown under aerobic conditions to increase biomass production. When cell density is high enough, the supply of carbon is interrupted to force the respiratory use of ethanol, and then cells are desiccated (14) . In addition to the mixed stresses of the desiccation process, dry yeast cells suffer deprivation of glucose and other nutrients. Several of these stressing situations involve glucose deprivation and lead to loss of viability and fermentation power.
Glycogen is the main carbon source and energy reserve in many organisms, including yeast (12) . Glycogen plays an important role during starvation, during adaptation to respiratory metabolism, in emergence from stationary phase, and during cell sporulation and spore germination (12) .The amount of glycogen accumulated by a yeast cell depends on environmental conditions and on the cell growth phase (26) . Glycogen also is linked to yeast viability (26) , suggesting that it also has a function during the yeast stress response (8) .
Present knowledge of the molecular mechanisms that underlie glycogen metabolism allows the design of genetic strategies to modify the level and/or the accumulation pattern of this compound in industrial yeast strains. Regulation of glycogen metabolism in yeast is mediated by cyclic AMPdependent phosphorylation of glycogen synthase (EC 2.4.1.11) and glycogen phosphorylase (EC 2.4.1.1) (4) and by transcriptional (3, 10, 15, 24) and allosteric (9) regulators. Both GSY2 and GPH1 are transcriptionally regulated under stress conditions by Msn2p/Msn4p (27) , the transcription factors binding the stress response element (STRE) present in the promoter of many stress-inducible genes in yeast (13, 25) . These transcription factors are negatively regulated by cyclic AMP-dependent protein kinase A under optimal growth conditions (27) .
Our objectives in this work were as follows: (i) to metabolically engineer wine yeast strains for glycogen overaccumulation, (ii) to test the effects of glycogen overaccumulation on resistance to glucose deprivation, and (iii) to evaluate the suitability of modified strains for wine production. The commercial wine yeast strain T73 (20) has been used as a host for different manipulations of genes coding for enzymes of glycogen metabolism. All engineered strains show an increased glycogen content in stationary phase under any tested growth condition. However, only the strain TG, overexpressing GSY2 and carrying the natural copies of GPH1, has an enhanced viability under glucose deprivation conditions, indicating the relevance of glycogen mobilization for resistance. Due to the industrial use of T73 and its derivative strain TG, glycogen content and resistance to glucose deprivation have been determined during growth in several media, including synthetic and natural musts. In the last case, the assay of some critical enological parameters indicates the suitability of the engineered strain for wine making.
MATERIALS AND METHODS
Plasmids and yeast strains. Yep352 is an episomal yeast plasmid carrying the selectable marker URA3. S. cerevisiae industrial strain T73 is a natural diploid strain isolated from Alicante, Spain, musts (20) . We constructed three different derivatives of strain T73. Strain TG was obtained by overexpressing the GSY2 yeast gene in a T73ura3-derivative strain (19) . Overexpression was achieved by inserting a 3.8-kb SalI fragment containing the gene into the multicopy vector YEp352. Strain T⌬g was obtained by sequential deletion of the two copies of the GPH1 gene in strain T73ura3. Disruption was carried out by homologous recombination at both ends of the GPH1 open reading frame of an integration cassette carrying a kanR marker gene flanked by loxP sites. Excision of the marker is inducible by expression of Cre recombinase introduced in the same strain (7), allowing repeated disruptions. Integration of the cassette at the GPH1 locus and further excision of the kanR marker were confirmed by PCR and Southern blot analysis. Uracil prototrophy was restored by introducing a 1.1-kb HindIII linear fragment containing the URA3 gene. Strain TG⌬g was obtained by introducing the YEp352 plasmid containing GSY2 into the T⌬gura3 strain (without restoration of uracil prototrophy by insertion of the 1.1-kb HindIII fragment). Strain TY was constructed by introducing the Yep352 vector in the T73ura strain. All the strains are, then, prototrophic.
Yeast transformation. The T73ura3 strain was transformed with yeast plasmid YEp352 or its derivative carrying the GSY2 gene following the procedure of lithium acetate described by Ito et al. (11) as modified by Gietz et al. (5) . Uracil prototrophy was the selectable marker. The T73 wine strain was transformed with integrative cassettes for the disruption of the GPH1 gene as described by Güldener et al. (7) . The kanR marker gene present in the cassette was used to select transformants resistant to Geneticin.
Culture conditions. Cultures grown under laboratory conditions were prepared in YPD medium (1% yeast extract, 2% bacteriological peptone, 2% glucose) or SD medium (0.67% yeast nitrogen base, 2% glucose) and incubated at 30°C with shaking (250 rpm). (6, 22) . Natural musts from Bobal red grapes (Requena, Spain) were sterilized with 0.2% (vol/vol) dimethyl dicarbonate for 48 h at 4°C to allow decomposition. In both cases, 1-liter glass bottles were completely filled and capped to reproduce the anaerobic conditions of wine fermentation. The initial yeast inoculum consisted of 2.5 ϫ 10 5 cells/ml from YPD overnight cultures. Bottles were incubated at 20 to 24°C with gentle shaking (125 rpm). To easily collect samples, screw caps were drilled and a glass tube was introduced to allow aspiration of the medium. Clamped rubber tubing connected to the end of the glass tube allowed the maintenance of anaerobic conditions. To follow fermentation progress, reducing sugar concentrations were recorded. Culture growth was observed by measuring optical density at 600 nm (OD 600 ). Vinifications in natural must were maintained for 20 days after the end of fermentation.
Determination of reducing sugar concentration, ethanol, and enological parameters. Reaction with DNS (10-g/liter 3,5-dinitrosalicylate, 16-g/liter sodium hydroxide, 300-g/liter potassium sodium tartrate 4-hydrate) and measuring of the developed OD 540 value were used for determination of reducing sugar levels (23) . A glucose standard curve was established with concentrations between 0 and 2 g/liter. Alcoholic grade (percent vol/vol) was determined by infrared spectrometry (Infrascan; Alliance Instruments). Other enological parameters (acetic acid, malic acid, glycerol, and acetaldehyde) were quantified by automated enzymatic determination (ECHO; Logotech).
Determination of glycogen content. The method of Parrou and Francois (16) for the determination of glycogen content was used as follows. Cells (10 mg [dry weight]) were collected by centrifugation (3,000 ϫ g; 2 min) from laboratory cultures or microvinification experiments at several growth stages and were washed with cold distilled water. Cells were stored at Ϫ20°C. Then, they were thawed, resuspended in 0.25 ml of 0.25 M Na 2 CO 3 , transferred to screw-cap tubes, and incubated at 95°C for 4 h. Cell extracts were neutralized by adding 0.15 ml of 1 M acetic acid and 0.6 ml of 0.2 M Na acetate (pH 5.2). One half of the sample was used to determine glycogen content by enzymatic breakage with a commercial Aspergillus niger amyloglucosidase (1.2 U/ml) (Boehringer Mannheim GmbH) at 57°C overnight under rotation in a hybridization oven. Controls were prepared with the other half of the sample without enzyme and treated as described above. Samples were centrifuged at 12,000 ϫ g for 30 s, and the released glucose in supernatants was determined with glucose oxidase-peroxidase (Boehringer Mannheim GmbH).
Analysis and quantification of mRNA. Cultures were inoculated at 3 ϫ 10 samples were analyzed by electrophoresis with formaldehyde-containing agarose gels and Northern blots. An EcoRI-BamHI 0.6-kb fragment from the GSY2 gene was used as the probe and was labeled by standard random priming with [␣-32 P]dCTP. mRNA quantification was carried out by direct measurement of radioactivity of the filters with an Instant Imager (Packard, Canberra, Australia).
Determination of cell viability. Cultures were adjusted to OD 600 ϭ 1, and serial dilutions (1/100, 1/200, 1/400, 1/800, and 1/1,600) were prepared. Five microliters of each dilution was spotted on YPD plates and then incubated at 30°C for 1 day.
RESULTS
Determination of glycogen content in engineered strains. As already stated in the introduction, glycogen accumulation in yeast cells depends on the regulated function of two enzymes: glycogen synthase, mainly encoded by the GSY2 gene, and glycogen phosphorylase, encoded by the GPH1 gene. Theoretically, a larger amount of glycogen would be obtained by increasing the activity of glycogen synthase, by reducing or eliminating the activity of glycogen phosphorylase, or by combining both strategies. Overexpression of the GSY2 gene in strain TG was confirmed by Northern blot analysis (Fig. 1) . A very high level of expression in strain TG growing in YPD medium was detected compared to that of T73 (Fig. 1A) . During growth in synthetic must, a difference of two-to fourfold in the amount of GSY2 mRNA was found during the first days of vinification (Fig. 1B) , and the difference remained significant until the end of fermentation. We analyzed the glycogen content of engineered strains (described in Materials and Methods) grown in a rich YPD medium at both exponential and stationary phases. The regulation of glycogen accumulation was maintained in all the strains, and glycogen content was low and very similar in cells at the exponential growth phase. The level of glycogen in stationary phase was higher in modified strains than in the T73 control strain. Glycogen accumulation was highest in TG⌬g Glycogen accumulation under vinification conditions. We determined the accumulation of glycogen during vinification experiments with synthetic must for all the modified strains (Fig. 2) . For each strain, data are shown at different glucose consumption stages (Fig. 2A) . Although the amount of glycogen accumulated was slightly different between experiments, the largest difference in glycogen accumulation was always that between T73 and TG⌬g ( Fig. 2A) , even though the glucose consumption rates were similar (Fig. 2B) .
We also conducted vinification experiments with natural Bobal red grape must (Requena, Spain) (Fig. 3) . All of the strains consumed all of the sugars present in the natural must in approximately 9 days (Fig. 3B) . The behavior of the strains in natural musts was comparable to that with YPD and synthetic must (Fig. 3A) . The quantification of several relevant enological parameters in the wines obtained in this experiment indicated no significant differences between the wines obtained 
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with the natural strain and those obtained with their manipulated derivatives with respect to ethanol, acetic acid, malic acid, glycerol, and acetaldehyde content (data not shown).
Glycogen mobilization in manipulated strains. We maintained the vinifications on natural must described above for 20 days after the exhaustion of sugars to monitor the fate of glycogen. Glycogen was quickly mobilized when fermentable sugar was exhausted in both T73 and TG (Fig. 3A) , but it was completely degraded in T73 sooner than in TG. However, T⌬g and TG⌬g, which lack glycogen phosphorylase activity, maintained high levels of glycogen even 20 days after the end of the fermentation.
Impact of glycogen level and mobilization on resistance to glucose deprivation. Two days after sugar exhaustion (day 11) (Fig. 4) , strains T⌬g and TG⌬g had a lower viability (27 and 8%, respectively) than the parental strain; little or no growth was observed 3 days later (day 14) (Fig. 4) . Strain TG showed higher viability than T73 (fourfold at day 14, after 5 days without a carbon source) and still maintained high viability 10 days after the exhaustion of sugars (day 18) (Fig. 4) , correlating very well with its glycogen content and ability to mobilize it (Fig. 3A) .
We also grew strain TG on SD medium and monitored glycogen accumulation and viability after glucose consumption (Fig. 5) . Strain TY, transformed with the empty vector YEp352, was used as a control due to the selective medium (SD medium lacking uracil) used in this experiment These conditions are more similar to those generally used in experiments of glucose deprivation and also to the growth conditions during biomass production. Under these conditions, less glycogen was accumulated (Fig. 5A) than with natural or synthetic musts ( Fig. 2 and 3) , and glucose disappeared quickly (Fig.  5B) . After glucose exhaustion, glycogen is not mobilized, likely due to the arrested state of cells caused by the lack of nutrients other than glucose. The transient decrease observed for the control strain is probably due to the action of glycogen phosphorylase, which is less relevant for strain TG, due to the overexpression of glycogen synthase. However, the viability data for strain TG once glucose was exhausted (Fig. 5C ) were similar to those obtained under vinification conditions. TG strain showed 9.8-fold more viability than the control strain.
DISCUSSION
Metabolic engineering of industrial yeasts could be used to improve the performance of industrial fermentative processes. However, the complexity of many metabolic pathways and their regulatory mechanisms make it difficult to predict the physiological consequences of genetic modifications. We engineered a wine yeast for enhanced viability under glucose deprivation conditions, due to the lack of a carbon source during different stages of industrial processes.
Our results allow us to conclude that glycogen synthase activity, even when overexpressed, is still properly regulated and that glycogen accumulation reaches higher levels, but only in the normal physiological stages of growth. Larger amounts of glycogen in the cells of the modified strains do not affect the normal development of the fermentative process, as demonstrated by the standard profiles of cell density and sugar consumption ( Fig. 2B and 3B ), although small differences can be detected. Total fermentation times and cell growth in the wine industry are not exactly repetitive, and little variations are not relevant if glucose consumption is complete. Metabolically engineered strains constructed in this work are suitable for industrial wine making, and wines show normal enological parameters very similar to those produced by the commercial T73 strain used as a control. Some differences are detected in the behavior of modified strains when grown with synthetic or natural musts. A clear influence of the must in several aspects of the physiology of wine yeasts has been described, including gene expression patterns (17, 18, 21, 22) and accumulation of trehalose (6) . Increased resistance to glucose deprivation conditions has been tested under two different experimental conditions. The main conclusion is that only one of the engineered strains displays the industrially interesting property of increased resistance under glucose deprivation conditions, although all of them show a higher glycogen content. This phenotype of strain TG indicates the importance of glycogen as an energy reserve and the requirement of glycogen mobilization for displaying higher viability after glucose exhaustion. It is worth noting that overexpression of the GSY2 gene was achieved in both TG and TG⌬g by introducing the gene into an episomal multicopy plasmid. The degree of plasmid loss was determined with several experiments and was always about 20%. Even higher levels of glycogen might be obtained by stable integration of the GSY2 gene under the control of a strong promoter.
The main potential biotechnological interest of the engineered strains constructed here is to provide starters for winemaking fermentations. During the production process, yeast cells are grown in molasses with continuous addition of medium and high aeration to obtain a high biomass production (2) . When cell density is high enough, cells are maintained without glucose for variable time periods to force the respiration of the small amount of ethanol present at the end of the process, and finally they are dehydrated. This final period without glucose must affect the viability and fermentative performance of cells negatively when growth is reinitiated and the conversion of must to wine is carried out. As molasses is a natural medium with a very high sugar concentration, cells of strain TG should accumulate very large amounts of glycogen and maintain an enhanced viability. When these cells are used to inoculate must, fermentation is carried out as properly as when the wild-type strain is used, producing wines of the same enological quality. Moreover, cells from a finished fermentation that could be used to inoculate a new one, a common technology in traditional wineries, would also be more viable, as the enhanced resistance to glucose deprivation is also displayed under vinification conditions when the physiological state of the cells is much more compromised.
Experiments to test the behavior of the TG strain under industrial growth conditions are in progress, as is the construction of a stable strain carrying a genomic integration of the GSY2 gene under the control of a suitable yeast promoter.
